Potentiometric types of ion-selective electrodes (ISEs) have been developed for transition metals as well as alkali and alkaline earth metals, 1,2 and applied to clinical and industrial measurements. Potentiometric detection based on ion-selective electrode as a simple method offers several advantages, such as speed, ease of preparation, procedure, simple instrumentation, relatively fast response, wide dynamic ranges, selectivity, and low cost.
polythiacrown ethers and acyclic polythia compounds have been used as ionophores for Ag + measurements. [3] [4] [5] [6] [7] [8] Recently, Chen et al. 9 used benzothiazolyl calix [4] arene to construct an ion-selective electrode for the Ag + ion. However, the limit of detection of the method is higher than that of the proposed method. In addition, the calix [4] arene method suffers from many interfering ions, such as Zn 2+ , Cd 2+ , and Pb 2+ . Octahydroxycalix [4] arene is a cyclic oligomer of 1,3-dihydroxybenzene condensates. We expected that silver ion can be bound to octahydroxycalix [4] arene through a cavity via hydrogen-bonded hydroxy groups that is suitable for the Ag + ion. 10 One of the important aspects of using a coated-wire ionselective electrode is that it not only required a very small volume of sample, but also provides a means for real-time analysis.
In this paper, we report on the use of 2,8,14,20-tetranonyl-4,6,10,12,16,18,22,24-octahydroxycalix [4] arene as an excellent neutral ion carrier in construction of coated-wire PVC membrane electrode as a potentiometric sensor for silver(I) determination.
Experimental
Reagents and chemicals 2 , 8 , 1 4 , 2 0 -T e t r a n o n y l -4 , 6 , 1 0 , 1 2 , 1 6 , 1 8 , 2 2 , 2 4 -octahydroxycalix [4] arene was prepared according to the literature through a well-known procedure, 11 as follows: to a solution of resorcinol (11.01 g, 0.10 mol) and n-decylaldehyde (15.63 g, 0.10 mol) in 40 ml of water, 10 ml conc. HCl was carefully added. A precipitate was rapidly formed. The reaction mixture was stirred for 2 h at 75˚C, cooled in an ice bath, and than filtered. The phenolic precipitate was washed with water and was dried with air. The resulting material was thoroughly washed with 10 ml of methanol, providing an offwhite solid, which was recrystallized from an acetonitrile-methanol (1:1) mixture.
For preparing a polymeric membrane, high-molecular-weight PVC (MWav = 83500), sodium tetraphenylborate (NaTPB), dibutyl phthalate (DBP), dioctyl phthalate (DOP), 2-nitrophenyl octyl ether (o-NPOE) and tetrahydrofuran (THF) obtained from Fluka were used. Silver nitrate and analytical reagent-grade nitrates of sodium, potassium, ammonium, calcium, magnesium, cadmium, copper, nickel, zinc, lead and mercury, supplied by Merck, were used. All solutions were prepared with distilled deionized water.
Preparation of the membrane
The PVC membrane contained 30.5% (w/w) PVC, 5.0% NaTPB, 60.5% DBP as a plasticizer and 4.0% ionophore (arene). A total of 600 mg of these reagents was mixed and dissolved in 7 ml of THF. A platinum wire of about 1 cm length and 1 mm in diameter, sealed into the end of a glass and soldered onto a shielded cable, was coated by dipping it several times in slurry until a bed was formed. This bed in the wire was allowed to dry in air for overnight. The electrode was rinsed with water and conditioned in a 0.10 M silver nitrate solution for about 3 h, and then 30 min for successive uses.
Apparatus and emf measurement
The potential was measured with a Metrhom pH/mV meter (Model 654). A saturated calomel electrode (SCE) with a double junction was used as a reference electrode, and the Ag + ISE was used as an indicator electrode. The pH of the solutions was monitored simultaneously with a conventional glass electrode. All measurements were carried out at 25˚C with a The performance of octahydroxycalix [4] arene derivative used as a neutral carrier for silver polymeric membrane electrode was studied. The sensor gave a good Nernstian response of 58 ± 1 mV per decade for silver ion in the activity range 3. The performance of each electrode was investigated by measuring the potential in a silver nitrate solution prepared in a concentration range of 10 -1 -10 -7 M by serial dilution at a constant pH. Each solution was stirred and the potential was recorded when it became stable. The activities were calculated according to the Debye-Hückel procedure. 12 
Selectivity
The selectivity coefficient (KAg,M) of the electrode towards different cationic species (M n+ ) was determined using a mixedsolution method 13 and a matched-potential method 14 (MPM). The mixed-solution method was used according to the following equation:
where E1 is the potential of a known volume of solution containing Ag + ions at an activity of aAg, and E2 is the potential of the Ag + solution with a known volume of interfering ions at activity a′Ag.
In the MPM method, a specific activity (concentration) of primary ions (Ag + ) is added to the reference solution and the potential is measured. In a separate experiment, interfering ions (B) are sufficiently added to an identical reference solution until the measured potential matches that obtained before by adding primary ions (Ag + ). The matched-potential method selectivity coefficient is given by the resulting primary ion to the interfering ion activity (concentration) ratio (aAg/aB).
Results and Discussion
2 , 8 , 1 4 , 2 0 -T e t r a n o n y l -4 , 6 , 1 0 , 1 2 , 1 6 , 1 8 , 2 2 , 2 4 -octahydroxycalix [4] arene has the following structure:
The ionophore used to construct a membrane for potentiometric measurements should be selective for the metal ion (Ag + ) over other metal ions, should show rapid exchange kinetics, and should be sufficiently liophilic to prevent leaching of the ligand into the solution surrounding the membrane electrode. This ionophore that we used has a good behavior for silver ion. 10 Different aspects of the membrane preparation based on the arene for Ag + were optimized for the plasticizer/PVC ratio, and the amount of ionophore and lipophilic additive ( Table 1) .
The potentiometric response of the membrane was greatly improved in the presence of a lipophilic anionic additive, NaTPB. It is known that lipophilic salt not only reduces the membrane resistance 15, 16 and improve the response behavior and selectivity 17, 18 but also, in cases where the extraction capability of the ionophore is poor, enhances the sensitivity of the
Neutral carrier-based cation-selective electrodes require lipophilic anionic sites, whereas charged carrier-based ISEs require the same charge as that of the analytes cation for an ionic site. Silver ion can be linked to octahydroxycalix [4] arene to produce a complex. In addition, octahydroxycalix [4] arene produces a cavity via hydrogenbonded hydroxyl groups that are suitable for the Ag + ion. 10 Our experiments showed that the best result was achieved in the presence of a lipophilic anionic additive, NaTPB ( Table 1) , showing that the ionophore acts as a neutral carrier.
The influence of a plasticizer on the characteristics of Ag + ion-selective electrode was investigated by using three plasticizers of different polarity, an including dioctyl phthalate (DOP), dibutyl phthalate (DBP) and 2-nitrphenyl octyl ether (o-NPOE). The results showed that the electrodes with DOP, DBP and o-NPOE as a plasticizer have a similar linear range and detection limit. Therefore, we selected DBP as a suitable plasticizer for making the sensor. Table 1 shows that the best results were achieved when using 5.0% (w/w) NaTPB, 30.5% PVC, 60.5% DBP, and 4.0% ionophore. Plasticizer/PVC ratios of nearly 2 gave the best results (slope of 58 ± 1 mV/decade).
Response characteristics of the electrode
The influence of the pH on the response of the membrane was examined with a sample solution of 1.0 × 10 -3 M Ag + . The pH was adjusted by adding a nitric acid or sodium hydroxide solution to the test solution. Figure 1 shows that the potential response of the sensor is pH independent from 1.5 to 6.0, beyond which a gradual drift was observed. The observed drift below pH = 1.5 may be due to the protonation of the octahydroxycalix [4] arene, therefore causing its diminished tendency for complex formation between silver ion and ionophore in highly acidic media. On the other hand, at a pH greater than 6.5, hydroxide ions react with the octahydroxycalix [4] arene host to produce more anionic sites for the Ag + ion.
The response time of the sensor was checked by measuring the average time required for the sensor to reach a potential of ±1 mV of the final equilibrium value when the sensor was immersed into a series of silver ion solutions, having a difference in the concentration by 10-fold. A response time of <20 s was obtained. The sensing behavior remained unchanged when the potential measurements were made from either low to high concentration, or vice versa.
Using the optimal membrane composition and condition described above, the potentiometric response of the sensor was studied with an Ag + concentration range from 1 × 10 -7 to 1.0 × 10 -1 M Ag + at 25˚C. The calibration curve of the sensor is shown in Fig. 2 
Selectivity
The most important parameter of many potentiometric ion sensors is its response to the primary ion in the presence of other ions presence in solution, which is expressed in terms of the potentiometric selectivity constant (KAg,M). The selectivity coefficient was evaluated by using a fixed interference method 20 with a fixed concentration of interference metal ion (M n+ ) with an activity of 0.10 M and varying amounts of AgNO3 activity, and also by using the matched potential method 14 with 0.0010 M Ag + . The resulting values of the selectivity coefficients obtained by the two methods are summarized in Table 2 . The results show that alkali metals, alkaline earth metals, and some common transition metal ions give no remarkably interference in the performance of the sensor. This is due to the fact that octahydroxycalix [4] arene produced a cavity via hydroxyl groups suitable for the Ag + ion. The difference in the selectivity coefficients for these methods is due to the fact that the mixedsolution method suffers some limitations in terms of the values for ions of unequal charges, a non-Nernstian behavior of interfering ions and activity dependence of the values. 14,21
Application
The Ag + ion-selective electrode was successfully used as an indicator electrode in the titration of 20 ml of 0.050 M AgNO3 with a 0.100 M NaCl solution (Fig. 3) . As seen, the amount of Ag + ions in solution can be accurately determined by the electrode with a sharp change in the potential around the equivalence point.
Octahydroxycalix [4] arene was successfully used as a neutral carrier in an Ag + ion-selective electrode. The sensor exhibits a good linear response with good sensitivity, detection limit, response time and selectivity. 
